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Tasks
Peabody Picture Vocabulary Test. (PPVT-4; Dunn & Dunn, 2008) . This standardized test measures receptive vocabulary, and a computerized version was used to provide an estimate of general intelligence. On each trial, children were presented with an array of four images and were asked to point to the image representing a given vocabulary word. The PPVT-4 has been normed with a large, representative sample of American children and adults and has demonstrated validity and high internal consistency (α = .94; Dunn & Dunn, 2008) . Children were told that Mrs. Crab's class was doing an art project and two of her students needed help sorting seashells and starfish: Daisy Dolphin was interested in shape and Ollie Octopus was interested in color. Each trial began with a ready screen, indicating that children could initiate the trial by pressing and holding the rightmost and leftmost buttons on a fourbutton EGI response pad. Following a 250 ms delay, a cue appeared, signaling which task children should perform on the upcoming trial, along with four response buttons along the periphery of the display. The cue was either a plain grey dolphin (shape) or a colorful octopus (color). Response options were purple and green paint swatches (color), and grey seashells and starfish (shape). We chose to use univalent (e.g., purple for color, starfish for shape) rather than bivalent (e.g., purple starfish) response options to differentiate perseverative errors, where children respond to the incorrect stimulus attribute, from random errors. Response locations were counterbalanced between participants in four conditions, with the constraint that both response options for a single task were on the same side. This meant that after cue presentation, children could anticipate the upcoming response side and orient their attention accordingly. The cue was displayed for 1000 ms, followed by a fixation cross for a random interval between 400 and 600 ms. The response options remained on the screen over this delay. Next, the stimulus was presented, a green or purple seashell or starfish. Children responded according to the cue within 3000 ms by pressing one of the on-screen response buttons, using their left hand for the left side and their right hand for the right side. Feedback was provided by a happy crab image and a pleasant bubbling sound for correct responses, or a sad crab image with a cartoonish "uh-oh" sound for incorrect responses. Feedback was displayed for 750 ms followed by a 200 ms intertrial interval with a blank screen.
Ocean Sort
The task began with a training phase where children were familiarized with the cues, stimuli, and sequence of events within each trial. Children completed a practice block including 8 to 48 trials, terminating after the child correctly completed six consecutive trials or achieved 75% accuracy. The test phase included five blocks of 31 trials, separated by short breaks when children received a sticker. The first trial of each block was discarded from analysis; of the remaining trials, two-thirds were stay trials (100 trials), where children completed the same task as in the previous trial, and the remaining third were switch trials (50 trials), where children completed the other task. Trials were presented in the same pseudo-random order across participants, constrained such that all stimuli and cues were presented with equal frequency, the same stimulus was not presented on two consecutive trials, and two switch trials were never presented consecutively.
Dependent measures included RT, accuracy, and perseverative error rate. Trials with RTs shorter than 200 ms were excluded. Trials occurring after an error were excluded because the switch-stay distinction was only valid following accurate trials. Perseverative errors were responses that matched the incorrect stimulus attribute. Perseverative error rate was the number of perseverative errors over the number of valid trials. For RT analyses, only correct trials were considered, and RTs greater than three standard deviations above the mean were trimmed.
Electroencephalography. EEG was recorded using NetStation 4.4.2 (EGI Software, Eugene, OR), an EGI NetAmps 300 amplifier with a 24-bit analog-to-digital converter, and a 128-channel HydroCel Geodesic sensor net. Impedances were maintained below 50 kΩ. Data was sampled at 250 Hz and referenced to the vertex. Recordings lasted an average of 20 minutes. EEG analyses were conducted using EEGlab (Delorme & Makeig, 2004) in MATLAB (The Mathworks Inc., Natick, MA, 2013). A 0.1 to 30 Hz bandpass filter was applied. Event latencies were adjusted to account for a 7 ms presentation delay and a 36 ms delay introduced by the amplifier, and epochs were generated by segmenting the interval 200 ms before and 3600 ms after the cue event, encompassing the presentation of the cue and stimulus. Movement and eyeblink artifact was cleaned from the data. First, bad channels and epochs were rejected by visual inspection. An average of 9 channels (SE = 0.7, range: 2 -23) were removed per participant.
Channels with high amplitude (> 100 μV), that deviated greatly from their neighbors, or that contained substantial oscillatory noise were removed. Second, independent components analysis (ICA) was applied to remove noise attributable to eye, muscle, and line-noise artifacts (Jung et al., 2000) . Reliable ICA components that were computed across ICA calculations on the full dataset and two half-datasets were determined using the method described by Groppe, Makeig, & Kutas (2009) . These reliable components were visually inspected and removed from the dataset. Third, removed channels were spherically interpolated, and the data were re-referenced to the average of all channels.
Epochs were divided into two, the first encompassing cue processing, extending from 200 ms before the cue to 1400 ms after the cue, and the second encompassing stimulus processing, extending from 200 ms before to 1400 ms after the stimulus. Epochs were baseline corrected using their respective 200 ms pre-event baselines. Epochs containing blinks, uneven baselines, or excessive noise were removed based on visual inspection. Finally, average waveforms were computed for each condition and participant, and data were extracted from MATLAB. An average of 36 (SD = 5.9) stay trials and 16 (SD = 3.6) switch trials contributed to cue average ERPs, and an average of 36 (SD = 6.3) stay trials and 17 (SD = 3.2) switch trials contributed to stimulus average ERPs. The number of epochs contributing to the subject averages did not significantly differ between the age groups or tasks for either the cue or the stimulus (p > .05).
ERPs were analyzed during cue and stimulus epochs, at seven electrode clusters, shown in Figure 2 . Peak latency and amplitude were extracted from within-subject averaged waveforms for each condition. P2 peaks were determined as the maximum point 175 to 400 ms following cue or stimulus presentation. P3 peaks were determined as the maximum point 350 to 600 ms following cue or stimulus presentation. Peaks were visually inspected to ensure they represented the P2 or P3, and were adjusted to capture local rather than absolute maxima when necessary (Luck, 2014) . Slow-wave amplitude was calculated as the sum of all positive area under the curve between 600 and 1400 ms after cue presentation. Signed area under the curve measurements are sensitive to noise levels but are useful for quantifying ERPs for which the latency window is poorly defined (Luck, 2014) . Statistical Methods. Behavioral and ERP statistics were extracted using the pandas library (McKinney, 2011) in IPython Notebook (Pérez & Granger, 2007) . Descriptive statistics were generated using the ezStats function from the ez package. Dependent measures included RT, accuracy, perseverative error rate, cue-and stimulus-P2 and P3 amplitudes and latencies, and cue slow-wave amplitude.
Pearson correlations between all behavioral measures and ERP amplitude and latency averaged across electrode clusters, were calculated using the corr.test function from the psych package in R (R Core Team, Vienna, Austria, 2014). Correlations controlling for age were calculated using the partial.r and corr.p functions from the psych package. Correlation p-values were corrected using false discovery rate (Glickman, Rao, & Schultz, 2014) . For behavioral measures, switch costs were generated by subtracting switch trial accuracy from stay trial accuracy and subtracting stay trial RT or perseverative error rate from switch trial RT or perseverative error rate, such that higher values represented greater costs.
Analyses of variance (ANOVAs) were conducted using general linear models (GLM; Field, Miles, & Field, 2012) using the lme function from the nlme package in R (R Core Team, Vienna, Austria, 2014). Models contained switch condition (switch, stay), task (color, shape), response side (left, right), and electrode cluster (left frontocentral, right frontocentral, midline central, midline parietocentral, left parietocentral, right parietocentral, midline parietal) as within-subject factors and age group (Early Childhood, Middle Childhood) as a between-subject factor. The response side factor was the side of the screen where the correct response option appeared. Interactions were interpreted by running follow-up models testing simple effects.
Follow-up models that accounted for the most variance were interpreted. However, if interactions included electrode cluster, follow-up tests examined effects at each of the electrode clusters independently regardless of effect size, as electrode clusters were not comparable in a meaningful way. Likewise, main effects of electrode cluster were not interpreted. Effect sizes are reported using marginal and conditional R 2 statistics, as recommended for mixed-effect GLM (Nakagawa & Schielzeth, 2013) . R 2 marginal describes the proportion of variance explained by fixed factors alone, while R 2 conditional describes the proportion of variance explained by fixed and random factors. Age group, switch condition, task, response side, and electrode cluster were modeled as fixed effects, and participant was modeled as a random effect. Effects were deemed significant using α = .05.
Results

Descriptive Statistics
Means and standard deviations for study variables, by age and switch condition, are presented in Table 1 . Correlations among behavioural measures and among ERP measures are presented in Tables 2 and 3 , respectively. Correlations between behavioural and ERP measures were also calculated, but are not presented because none were significant after correction for multiple comparisons.
Children's age was negatively correlated with response times and positively correlated with accuracy in the Ocean Sort task, but not correlated with their perseverative error rate, contrary to our expectations. All significant correlations among behavioural measures remained significant after controlling for age. Age was not correlated with any ERP measures, including switch trial cue-P3 amplitude, switch trial cue slow-wave amplitude, or cue-P2 amplitude, as suggested by our hypotheses. PPVT scores were not correlated with age or with any behavioural measures on the Ocean Sort task. Correlations between behavioural and ERP measures were also calculated, but are not presented because none were significant after correction for multiple comparisons (all rs >.40).
Generally, RT, accuracy, and perseverative error rate were correlated across switch and stay trials. Switch trial accuracy was also negatively correlated with switch trial perseverative error rate, suggesting that perseverative errors made up a substantial portion of children's errors on switch trials. Likewise, for ERP measures amplitude and latency measures for each component were generally correlated across switch and stay trials.
ANOVAs
Behavioral Performance. Cue-evoked ERPs. After cue presentation, children could prepare to use the correct rule; moreover, because the response buttons for each rule were grouped together on the left or right side of the screen, children could prepare to orient their attention to one side of the screen and respond with the appropriate hand. Therefore, the amplitude and latency of ERPs to the cue are informative about children's use of proactive control. Cue-ERPs by age group, switch condition, and electrode cluster are depicted in Figure 3 . Cue-ERPs featured a small N1, a clear P2 peak, a minimal N2, and a P3 peak most pronounced at the parietocentral electrode clusters. The P3 was followed by a sustained positivity over the cue-stimulus interval, consistent with the maintenance of cue information in working memory (Chevalier et al., 2015; Manzi et al., 2011) .
Cue-P2 amplitude. There was a significant interaction between age group and electrode 
Discussion
This study used ERPs to investigate age differences in the use of proactive strategies in the transition to school, a key period in cognitive control development. Taking advantage of the high temporal resolution of ERPs, we examined the temporal dynamics of attentional resource allocation when children were required to engage with a task proactively.
The task-switching paradigm we used in this study temporally separated the cue, which indicated the task to be used on the upcoming trial, from the stimulus, thereby forcing children to engage in proactive control. Behaviorally, we expected that the Early Childhood age group would have longer response times, lower accuracy performance, and more perseverative errors than the Middle Childhood group, reflecting less honed proactive control abilities. We found that younger children had poorer accuracy than older children. They also produced longer response times than the Middle Childhood group, but only for trials completed with the right hand.
Contrary to our hypotheses, we found no differences in perseverative error rates between our age groups. As expected in a set-shifting task, switch trials were associated with lower accuracy, more perseverative errors, and longer response times than stay trials, but no differences in the magnitude of these switch-stay effects between age groups were found.
In task-switching paradigms, the cue-P2 has been found to be insensitive to the differing demands of switch and stay trials (Adrover-Roig & Barceló, 2010). The findings of this study are consistent with this interpretation of the cue-P2: We found that at right parietocentral and midline parietocentral electrode sites, cue-P2 amplitudes were larger for older children than for younger children, regardless of switch condition, consistent with our hypotheses. Contrary to our expectations, we also found cue-P2 and -P3 latencies were insensitive to switch condition, suggesting that the increased load on proactive control in switch trials does not slow cue processing.
Following previous studies (Barceló et al., 2002; Chevalier et al., 2015; Jamadar, Hughes, Fulham, Michie, & Karayanidis, 2010; Jost et al., 2008) , we predicted that proactive control would result in switch-stay differences in cue-P3 amplitude, and that the magnitude of this difference would differ between the Middle and Early Childhood age groups such that older children would demonstrate larger switch-stay differences than younger children, reflecting their more effective engagement of proactive control. We did find that switch trials were associated with larger cue-P3 amplitudes than stay trials at all analyzed electrode clusters, but no age effects were found. We expected similar switch-stay differences in cue slow-wave amplitude, reflecting the working memory load of maintaining and initiating a shift of stimulus-response set. Similarly to the cue-P3 amplitude effects, we found larger cue slow-wave amplitudes in switch trials than in stay trials at several electrode clusters, but no difference between age groups in the magnitude of this. The lack of age differences in cue-P3 and positive slow-wave amplitude suggests both age groups were successful in engaging proactive control. In contrast, Chevalier et al. (2015) found switch-stay differences in cue-P3 amplitude in 10-year-old children but not in 5-year-olds.
Previous work in 5-to 10-year-old children (Chevalier et al., 2015; Manzi et al., 2011) found the slow-wave was insensitive to switch condition, unlike our findings.
At the stimulus, we expected that if older children engaged in proactive control more deeply and reliably, they would have smaller stimulus-P2s on switch trials than stay trials, as is found in adults in cued task-switching paradigms (Kieffaber & Hetrick, 2005) . However, we found that for 7-8-year-olds, switch trials produced larger stimulus-P2 amplitudes than did stay trials. Not only does this contrast with the adult literature, it also differs from previous research in 9-10-year-old children that found no stimulus-P2 amplitude differences between switch and stay trials (Manzi et al., 2011) . Positivity from the processes underlying the cue slow-wave have been found to continue beyond presentation of the stimulus in the kind of paradigm used in this study (Jamadar et al., 2010) , a possible explanation for the unexpected direction of the difference between switch and stay stimulus-P2s. We also found that across both age groups, at midline central and parietocentral electrode clusters, switch trials had shorter stimulus-P2 latencies than did stay trials, as predicted, suggesting a facilitation of target processing in switch trials. The interpretation that processing was facilitated for switch trials was further supported by the finding that stimulus-P3 latencies for switch trials were also shorter. This facilitation could be due to the increased processing of switch trials following cue presentation, mediated by proactive control. We did not find any age differences in the magnitude of switch effects, suggesting age differences in proactive control, if any, were not sufficient to produce detectable differences in ERP measures.
The age groups in this study were chosen to bracket the transition to school. This is a period of interest because it is marked by important changes to children's cognitive control abilities and external demands of the school environment. We found that older and younger children differed in some measures, but differences were subtle and appeared quantitative rather than qualitative. Behaviorally, there were age differences in overall performance, but no age differences in the magnitude of switch costs or rate of perseveration. Electrophysiologically, most of the analyzed ERP components did not differ between age groups, with the exception of cue-and stimulus-P2s, which both suggest age-related differences in general stimulus processing rather than differences in proactive control.
In interpreting our findings, we need to acknowledge several limitations. Due to psychophysical differences between the color and shape cues in this task, we were unable to interpret differences in cue processing between tasks; this meant that we were unable to examine asymmetrical switch costs. Previous set-shifting tasks used with children have found differences in switch costs between color and shape tasks, with switch costs being larger for color than for shape tasks (Ellefson, Shapiro, & Chater, 2006 and neural processes is nonlinear (e.g., an inverted U-shape), this would not be captured in a correlation. However, it is important to recognize that with a sample of 39 children, this study had 80% power to detect a correlation of 0.27 in magnitude, before adjustment for multiple comparisons, and there may have been small but meaningful correlations that could not be detected due to insufficient power.
In sum, both 4-5-and 7-8-year-old children demonstrated the ability to engage proactive control, as evidenced by larger cue-P3 amplitudes in switch trials in both age groups.
Furthermore, switch-stay differences in slow-wave amplitude in the cue-stimulus interval in both age groups suggest that children were able to continue task-set reconfiguration processes through the delay. However, older children appeared to engage proactive control more effectively, performing the task more accurately and, under some conditions, more quickly. Further research is needed to uncover which processes involved in task-switching are initiated proactively, whether they involve only task-set reconfiguration or novelty recognition processes, or whether processes related to response-selection are initiated proactively as well. 
